Mutations leading to inappropriate activation of Akt isoforms contribute to proliferation and survival of a significant proportion of human cancers. Akt is activated by phosphorylation of its T-loop residue (Thr 308 ) by PDK1 (3-phosphoinositide-dependent kinase-1) and its C-terminal hydrophobic motif (Ser 473 ) by mTORC2 [mTOR (mammalian target of rapamycin) complex 2]. Potent PDK1 inhibitors such as GSK2334470 have recently been elaborated as potential anti-cancer agents. However, these compounds were surprisingly ineffective at suppressing Akt activation. In the present study we demonstrate that resistance to PDK1 inhibitors results from Akt being efficiently recruited to PDK1 via two alternative mechanisms. The first involves ability of Akt and PDK1 to mutually interact with the PI3K (phosphoinositide 3-kinase) second messenger PtdIns(3,4,5)P 3 . The second entails recruitment of PDK1 to Akt after its phosphorylation at Ser 473 by mTORC2, via a substrate-docking motif termed the PIF-pocket. We find that disruption of either the PtdIns(3,4,5)P 3 or the Ser 473 phosphorylation/PIF-pocket mechanism only moderately impacts on Akt activation, but induces marked sensitization to PDK1 inhibitors. These findings suggest that suppression of Ser 473 phosphorylation by using mTOR inhibitors would disrupt the PIF-pocket mechanism and thereby sensitize Akt to PDK1 inhibitors. Consistent with this, we find combing PDK1 and mTOR inhibitors reduced Akt activation to below basal levels and markedly inhibited proliferation of all of the cell lines tested. Our results suggest further work is warranted to explore the utility of combining PDK1 and mTOR inhibitors as a therapeutic strategy for treatment of cancers that harbour mutations elevating Akt activity.
INTRODUCTION
PDK1 (3-phosphoinositide-dependent protein kinase-1) phosphorylates and activates a group of protein kinases belonging to the AGC kinase [cAMP-dependent, cGMP-dependent and PKC (protein kinase C) kinase] family, that include three isoforms of Akt, S6K (S6 kinase) and SGK (serum-and glucocorticoidinduced protein kinase) [1, 2] . PDK1 stimulates these enzymes by phosphorylating the T-loop residue of their kinase domains (Thr 308 in Akt1) [1] . Maximal activation of the kinases also requires phosphorylation of a residue lying C-terminal to the kinase domain, known as the hydrophobic motif (Ser 473 in Akt1) [3] [4] [5] [6] . mTORC [mTOR (mammalian target of rapamycin) complex] 1 phosphorylates the hydrophobic motif of S6K isoforms, whereas mTORC2 phosphorylates the hydrophobic motif of Akt [7] and SGK isoforms [5] .
Activation of AGC kinases, such as S6K and SGK isoforms that do not possess a 3-phosphoinositide-binding PH (pleckstrin homology) domain, is triggered through phosphorylation of their hydrophobic motif by mTORCs [8] . This does not directly activate these enzymes, but instead promotes their interaction with a motif on the PDK1 catalytic domain termed the PIFpocket [8] . PDK1 then phosphorylates the T-loop residue eliciting activation. Key evidence to support this model is provided by the finding that knockin mutations that disrupt the ability of the PIF-pocket to recognize the phosphorylated hydrophobic-motif residues prevents activation of SGK and S6K isoforms by all agonists tested [9] [10] [11] . Moreover, inhibition of hydrophobic-motif phosphorylation employing mTOR inhibitors [12] , mutation of the hydrophobic motif [6, 13] , or knockdown/knockout of the mTORC1 (S6K) or mTORC2 (SGK) subunits [14, 15] also ablates activation of the S6K and SGK isoforms.
Activation of the Akt isoforms that possess a PH domain is dependent on prior activation of PI3K (phosphoinositide 3-kinase) and generation of the second messenger PtdIns(3,4,5)P 3 [16] [17] [18] . Both Akt and PDK1 possess a PH domain that binds to PtdIns(3,4,5)P 3 and this promotes interaction of these enzymes at the plasma membrane. Moreover, binding of Akt to PtdIns(3,4,5)P 3 induces a conformational change that facilitates phosphorylation of Thr 308 by PDK1 [16] [17] [18] [19] [20] [21] [22] . Previous work demonstrated that knockin mutations that disrupt the PIF-pocket either in ES (embryonic stem) cells [9] or in mouse muscle [22] , whilst abolishing activation of S6K and SGK isoforms, did not markedly hinder activation of Akt isoforms. This suggested that the PIF-pocket mechanism was not ratelimiting for PDK1-mediated activation of Akt. Consistent with this conclusion, in mouse embryonic fibroblasts knockout of the mTORC2 components Rictor (rapamycin-insensitive companion of mTOR) [23] , Sin1 (stress-activated protein kinase-interacting 1) [24] or mLST8 (mTOR-associated protein, LST8 homologue) [25] ablated hydrophobic motif Ser 473 phosphorylation and therefore the ability of Akt to bind the PDK1 PIF-pocket, but had little impact on PDK1-mediated Akt Thr 308 phosphorylation. Finally, in vitro studies undertaken in the presence of lipid vesicles containing PtdIns(3,4,5)P 3 indicated that mutation of Ser 473 to alanine had no effect on phosphorylation of Thr 308 and activation of Akt [6] .
The majority of all human cancers harbour mutations that lead to inappropriate activation of the Akt, S6K and SGK isoforms [26] [27] [28] . This has stimulated much research to devise therapeutic strategies to suppress the activation of these enzymes. The therapeutic effectiveness of numerous PI3K, Akt and mTOR inhibitors is actively being investigated in clinical trials [29] . One strategy to inhibit the PI3K pathway is to deploy PDK1 inhibitors, which would be expected to suppress activation of Akt, as well as other AGC kinases that are stimulated by PDK1, such as the S6K and SGK isoforms that have been implicated in cancer [27, 28] . The finding that PDK1 hypomorphic mice expressing ∼20 % of the normal level of PDK1 in all tissues were protected from developing tumours when crossed to PTEN (phosphatase and tensin homologue deleted on chromosome 10) + / − heterozygous mice, supported the notion that PDK1 inhibitors might have utility for the prevention of PI3K pathway-driven tumours [30] .
The development of PDK1 inhibitors has lagged behind other enzymes of the PI3K pathway, partly due to the challenges of elaborating potent and specific PDK1 inhibitors [31] . A highly specific ATP-competitive PDK1 inhibitor termed GSK2334470 (IC 50 ∼15 nM) was described recently [32, 33] . GSK2334470 efficiently inhibited the T-loop phosphorylation and activation of S6K and SGK isoforms, but was ineffective at suppressing Thr 308 phosphorylation and hence Akt activation, especially by stimuli that induced strong activation of the PI3K pathway, such as IGF-1 (insulin-like growth factor 1) [32] . Other PDK1 inhibitors such as Sunesis-33, a non-ATP competitive inhibitor, have also recently been elaborated and found to be relatively ineffective at suppressing Akt activation [34, 35] . Moreover, a recent study has also found that reducing PDK1 levels with an inducible RNAi (RNA interference) approach failed to significantly suppress Akt activation of tumour formation driven by loss of the PTEN tumour suppressor [36] .
In the present study, we provide evidence that, in contrast with the previous work discussed above, phosphorylation of Ser 473 does indeed play a role in regulating Thr 308 phosphorylation, and this accounts for Akt's resistance to PDK1 inhibitors. Our data suggest that in vivo both the PtdIns(3,4,5)P 3 -and PIF-pocketdependent mechanisms operate as two alternative ways to make Akt activation highly efficient and difficult to suppress by PDK1 inhibitors. Our findings suggest employing mTOR inhibitors, to suppress Ser 473 phosphorylation mediated by mTORC2, will inhibit the PDK1 PIF-pocket mechanism and therefore markedly sensitize to PDK1 inhibitors. Consistent with this, we report that combining PDK1 and mTOR inhibitors ablates Akt activation and cancer cell proliferation more effectively than deployment of either inhibitor alone. Our results indicate that further work is warranted to explore the utility of employing combinations of PDK1 and mTOR inhibitors as a strategy for treating cancers possessing elevated Akt activity.
MATERIALS AND METHODS

Materials
We synthesized GSK2334470 as described previously [33] . [24] and were provided by Dr Bing Su (Yale University School of Medicine, New Haven, CT, U.S.A.). The wild-type control and Rictor-knockout MEFs have been described previously [23] and were provided by Dr Mark Magnuson (Vanderbilt University School of Medicine, Nashville, TN, U.S.A.).
Antibodies
The following antibodies were raised in sheep and affinity purified against the indicated antigens: anti-Akt1 (S695B, third bleed; raised against residues 466-480 of human Akt1 RPHFPQFSYSASGTA, used for immunoblotting and immunoprecipitation), anti-S6K (S417B, second bleed; raised against residues 25-44 of human S6K AGVFDIDLDQPEDAGSEDEL, used for immunoblotting and immunoprecipitation), anti-PRAS40 (proline-rich Akt substrate of 40 kDa; S115B, first bleed; raised against residues 238-256 of human PRAS40 DLPRPRLNTSDFQKLKRKY, used for immunoblotting), anti-(phospho-PRAS40 Thr 246 ) (S114B, second bleed, raised against residues 240-251 of human PRAS40 CRPRLNTpSDFQK, used for immunoblotting), anti-NDRG1 (N-myc downstream regulated 1; S276B third bleed; raised against full-length human NDRG1, used for immunoblotting). [10] . Anti-GST (glutathione transferase)-HRP (horseradish peroxidase) conjugate was purchased from Abcam (catalogue number ab58626). The secondary antibodies coupled to HRP used for immunoblotting were obtained from Thermo Scientific.
General methods
Tissue culture, immunoblotting, restriction enzyme digests, DNA ligations and other recombinant DNA procedures were performed using standard protocols. DNA constructs used for transfection were purified from Escherichia coli DH5α cells using a Qiagen plasmid Maxi prep kit according to the manufacturer's protocol. For transient transfections, ten 10-cm-diameter dishes of HEK (human embryonic kidney)-293 cells were cultured and each dish was transfected with 5-10 μg of the indicated plasmids using the polyethylenimine method [37] .
Buffers
The following buffers were used: lysis buffer [40 mM Tris/HCl (pH 7.5), 1 % Triton X-100, 120 mM NaCl, 0.27 mM sucrose, 1 mM EDTA, 50 mM NaF, 10 mM 2-glycerophosphate, 5 mM sodium pyrophosphate, 1 mM sodium orthovanadate (added prior 
Cell treatments and lysis
HEK-293 cells were grown on 10-cm-diameter dishes. Cells were cultured in 10 % (v/v) FBS (fetal bovine serum) in DMEM (Dulbecco's modified Eagle's medium; high glucose) and treated with or without different inhibitors as described in the Figure legends. Following treatment, cells were rinsed with 5 ml of ice-cold PBS and lysed using 0.5 ml of the freshly prepared lysis buffer and plastic scrapers. Lysates were clarified by centrifugation (18 000 g at 4
• C for 10 min) and supernatants were snap-frozen in liquid nitrogen and stored at − 80
• C until required. Protein concentration was determined using Coomassie Protein Assay reagent (catalogue number 1856209, Thermo Scientific).
Immunoblotting
Total cell lysate (20 μg) or pull-down samples were heated at 95
• C for 5 min in sample buffer, subjected to SDS/PAGE (10 % gel) and then electrotransferred on to nitrocellulose membranes. Membranes were blocked for 1 h in TBST buffer containing 5 % (w/v) skimmed milk. The membranes were probed with the indicated antibodies in TBST containing 5 % (w/v) skimmed milk or 5 % (w/v) BSA for 16 h at 4 • C. Detection was performed using HRP-conjugated secondary antibodies and the enhanced chemiluminescence reagent.
Cell growth assays
Cells were seeded (4000 per well) into 96-well plates and allowed to attach for 24 h. Cells were then treated with various concentrations of AZD8055 and/or GSK2334470. After 72 h, cell viability was determined using CellTiter 96 ® Non-Radioactive Cell Proliferation assay (MTT), according to the manufacturer's instructions. ( Figure 1A ) or overexpressed GST-Akt ( Figure 1B) , despite inhibiting the activation of S6K1. As the hydrophobic motif phosphorylation of AGC kinases plays such a vital role in regulating their activity we decided to test whether mutation of the hydrophobic-motif residue of Akt (Ser 473 ) might influence sensitivity of Akt towards GSK2334470. We therefore mutated Ser 473 to alanine and found that this markedly sensitized Thr 308 phosphorylation to GSK2334470, causing near-complete inhibition of Thr 308 phosphorylation at 0.3-1 μM doses of PDK1 inhibitor ( Figure 1B) . A mutant of Akt, in which Ser 473 was changed to aspartic acid to mimic phosphorylation and induce constitutive binding to the PDK1 PIF-pocket, behaved more like the wild-type Akt displaying resistance to GSK2334470 ( Figure 1B) . We also stimulated HEK-293 cells with serum, conditions that induce ∼6-fold lower activation of Akt than IGF-1 [12] . Under these conditions of lower PI3K pathway activation, mutation of Ser 473 to alanine also increased the sensitivity of Thr 308 phosphorylation to the PDK1 inhibitor GSK2334470 10-fold ( Figure 1C ).
RESULTS
Mutation of hydrophobic motif
Inhibition of mTOR leaves Akt more susceptible to inhibition by the PDK1 inhibitor GSK2334470
We next studied whether inhibition of Ser 473 phosphorylation induced by mTOR inhibitors would sensitize Akt Thr 308 phosphorylation to the PDK1 inhibitor GSK2334470. We stimulated HCT116 (Figure 2A ), MCF7 ( Figure 2B ) and HEK-293 ( Figure 2C ) cells with IGF-1 in the absence or presence of 0.03-0.1 μM mTOR inhibitor AZD8055 [38] and increasing doses of GSK2334470. Under these conditions, 0.03-0.1 μM AZD8055 or 3 μM GSK2334470 when deployed alone had little impact on Thr 308 phosphorylation (Figures 2A-2C ). However, combining 0.03-0.1 μM AZD8055 with increasing concentrations of GSK2334470 induced a marked dosedependent inhibition of Thr 308 phosphorylation. For example, in all of the cell lines tested, combination of 1-3 μM GSK2334470 with 0.03-0.1 μM AZD8055 inhibited Thr 308 phosphorylation to a much greater extent than either inhibitor deployed alone (Figures 2A-2C ). Similar inhibition trends were observed with the phosphorylation of PRAS40 (Thr  246 ) , an Akt substrate, whose phosphorylation was also effectively suppressed by combining AZD8055 and GSK2334470 (Figures 2A-2C) . Comparable results were observed when cells were treated with increasing doses of AZD8055 in the presence of a fixed dose of 3 μM GSK2334470 (Figures 2D-2F ).
Ablation of mTORC2 renders Akt more susceptible to inhibition by the PDK1 inhibitor GSK2334470
We next explored how genetic ablation of the mTORC2 complex, by knockout of its Rictor or SIN1 subunits, affected sensitivity to GSK2334470. In both Rictor- [23] ( Figure 3A ) and SIN1- [24] ( Figure 3B) (Figure 3) . Consistent with the loss of Akt activity in mTORC2-deficient cells treated with 3 μM GSK2334470, phosphorylation of PRAS40 at Thr 246 was inhibited to a greater extent than observed in the wild-type cells (Figure 3) . In Rictor-knockout cells, phosphorylation of the Akt sites of the transcription factor FoxO (forkhead box O) 1/O3 (Thr 24 /Thr 32 ) was markedly inhibited in the presence of 1 or 3 μM GSK2334470, under conditions which resulted in insignificant inhibition in the wild-type cells ( Figure 3A) .
Ablation of the PDK1 PIF-pocket in the PDK1
L155E/L155E -knockin ES cell line makes Akt more susceptible to inhibition by the PDK1 inhibitor GSK2334470
We previously described the generation of a PIF-pocket in PDK1 L155E/L155E -knockin ES cells that possess a homozygous mutation in the PDK1 gene (L155E) that disrupts the PIF-pocket and therefore prevents PDK1 from interacting with hydrophobic motifs of its AGC kinase substrates after they have become phosphorylated by mTOR [9] . To obtain further evidence that the PDK1 PIF-Ser 473 phosphorylation mechanism is contributing to resistance to PDK1 inhibitors, we studied whether Akt activation was more sensitive to the PDK1 inhibitor GSK2 334 470 in PDK1 L155E/L155E -knockin ES cells. We found that phosphorylation of Thr 308 was indeed inhibited more robustly in the PIF-pocket mutant compared with the wild-type control ES cells (Figure 4 ). For example, at a dose of 0.3 μM PDK1 inhibitor GSK2334470, Thr 308 phosphorylation was reduced to a much greater extent in the PDK1 L155E/L155E cells compared with their littermate wildtype control cells (Figure 4) . Similar inhibition trends were observed in the phosphorylation of the Akt substrate PRAS40. This is despite PDK1 L155E/L155E ES cells possessing higher levels of phosphorylated Ser 473 , perhaps resulting from the loss of the negative feedback loop of S6K to IRS-1 in the PIF-pocketdeficient cells thereby enhancing activity of PI3K and mTORC2 [39, 40] . 
Inhibiting ability of Akt or PDK1 to bind PtdIns(3,4,5)P 3 makes the PIF-pocket-Ser 473 phosphorylation pathway rate-limiting in activating Akt
The data suggest that Akt Thr 308 phosphorylation in vivo is promoted through two alternative mechanisms involving PDK1 and Akt binding to PtdIns(3,4,5)P 3 or the PDK1 PIF-pocket interacting with Ser 473 after it is phosphorylated by mTORC2. If this is the case, then inhibiting the ability of either Akt or PDK1 to bind to PtdIns(3,4,5)P 3 should result in the PIF-pocket-binding pathway becoming the rate-limiting mechanism controlling activation of Akt. Consistent with this, treatment of HEK-293 cells with the mTOR inhibitor AZD8055, to prevent Ser 473 phosphorylation, potently inhibited Thr 308 phosphorylation of an Akt mutant lacking the PH domain, under conditions in which high concentrations of 1 μM AZD8055 had no effect on Thr 308 phosphorylation of the wild-type Akt ( Figure 5A ). To test the effect of inhibiting the ability of PDK1 to interact with PtdIns(3,4,5)P 3 , we used a PH domain PDK1 K465E/K465E -knockin ES cell line expressing a homozygous mutation that abolishes its interaction with PtdIns(3,4,5)P 3 [21] . We previously observed in a PDK1 K465E/K465E -knockin ES cell line as well as in mice [22] that Akt was still activated by IGF-1 and insulin, albeit at a 2-3-fold lower level than observed in the wildtype mice. The new data shown in the present study would suggest that activation of Akt observed in PDK1 K465E/K465E -knockin cells is driven via mTORC2-mediated phosphorylation of Ser 473 . Consistent with this, we found that treatment of PDK1 Figure 5C ). In contrast, mutation of Ser 473 to an acidic aspartic acid residue, to boost interaction with the PDK1 PIF-pocket, resulted in GST-Akt[S473D] being significantly phosphorylated at Thr 308 when expressed in PDK1 K465E/K465E -knockin ES cells further emphasizing that the Thr 308 phosphorylation observed in these cells is dependent upon a PIF-pocket-dependent mechanism ( Figure 5C ).
Combination of mTOR and PDK1 inhibitors results in enhanced cell proliferation suppression
Finally, we investigated the effect that dual inhibition of PDK1 and mTOR had on proliferation of nine cell lines that possess mutations that activate the PI3K pathway ( Figure 6 , the known mutations in each cell line shown are listed in the Figure legend) . The impact of the inhibitor treatments on cell viability was assessed after 3 days using an MTT assay. We observed that combination of AZD8055 and GSK2334470 had a markedly greater impact on proliferation of all of the cell lines tested than individual deployment of inhibitors ( Figure 6 ). For example, in the majority of cell lines combing low doses of 0.03-0.1 μM AZD8055 and 1 μM GSK2334470 induced near-maximal suppression of cell proliferation. The EC 50 values and the percentage of growth inhibition values obtained from such combination are shown in Table 1 and Table 2 respectively. Table 2 Percentage of cell growth inhibition at either 0.1 μM GSK2334470, 0.1 μM AZD8055 or combination of 1 μM GSK2334470 and 0.1 μM AZD8055 for the cell proliferation assays shown in Figure 6 A, 0.1 μM GSK2334470; B, 0.1 μM AZD8055; C: 0.1 μM AZD8055 + 1 μM GSK2334470. 
DISCUSSION
The results of the present study provide evidence that phosphorylation of Ser 473 does play a significant role in regulating the phosphorylation of Thr 308 . Previous work had indicated that the ability of both Akt and PDK1 to bind PtdIns(3,4,5)P 3 was the crucial rate-limiting mechanism regulating Thr 308 phosphorylation. Evidence supporting this was that ablation of PtdIns(3,4,5)P 3 binding by either mutation of the Akt or PDK1 PH domains had a dramatic effect on Akt activation both in vitro and in cells [17, 22, 41] . In contrast, mutation of PDK1 PIF-pocket (L155E) had little effect on PDK1-mediated phosphorylation of Akt in vitro [6] . Moreover, two different PDK1-knockin mutations that disrupted the PDK1 PIF-pocket, namely L155E [9] and R131M [10] , had no significant effect on phosphorylation of Thr 308 by PDK1. Moreover, Akt activation induced by insulin was also not influenced in the tissue-specific PDK1-knockin mice that expressed only the PDK1[L155E] mutation [22] .
On the basis of the results of the present study, we suggest that Akt can be activated in vivo by either the PtdIns(3,4,5)P 3 binding-or PIF-pocket-dependent pathways and inhibition of whichever pathway has only a moderate bearing on Akt activity. This dual mechanism presumably enables Akt to be efficiently and robustly activated by PDK1, in response to agonists that stimulate the PI3K and mTORC2 pathways and is likely to account for why Akt activation is resistant to PDK1 inhibitors ( Figure 7 ). Most probably, in the presence of a PDK1 inhibitor, even a residual fraction of non-inhibited PDK1 will be capable of significantly activating Akt either exploiting the PtdIns(3,4,5)P 3 -binding or PIF-pocket mechanism. However, suppressing either the PIF-pocket or PtdIns(3,4,5)P 3 -binding mechanism reduces the efficiency at which Akt is activated and makes it much more sensitive to PDK1 inhibitors. We also consistently observe that GSK2334470 inhibits Thr 308 phosphorylation of endogenous Akt more effectively than overexpressed Akt (compare Figures 1A  and 1B) . Our interpretation of this observation is that endogenous Akt is likely to be more efficiently activated by the dual PtdIns(3,4,5)P 3 and the PIF-pocket mechanism than the overexpressed enzyme. These results indicate that in general it may be harder to inhibit the phosphorylation of substrates of protein kinases that have evolved multiple alternative mechanisms to interact with their downstream targets.
Although we have focused on the PIF-pocket-and PtdIns(3,4,5)P 3 -dependent devices that operate to bring Akt and PDK1 together, it is possible that other mechanisms that we have not analysed also play an important role. For example, using a Förster resonance energy transfer system, overexpressed Akt was found to interact with PDK1 in a PtdIns(3,4,5)P 3 -independent manner [19] . In future work it would be interesting to explore whether the PtdIns(3,4,5)P 3 -independent interaction observed in the present study was indeed due to PDK1 binding to Akt phosphorylated at Ser 473 via PIF-pocket-dependent mechanism, or another type of interaction. More recently, evidence has also emerged that PDK1 is capable of homodimerzation in vivo [42] and it would thus be interesting to explore how disrupting the homodimerization interface would impact on sensitivity to PDK1 inhibitors. In vitro studies have shown that in the absence of PtdIns(3,4,5)P 3 , Akt is trapped in a closed conformation in which Thr 308 is not accessible to be phosphorylated by PDK1 [16] [17] [18] [19] 43] . Furthermore, the loss of binding of PtdIns(3,4,5)P 3 to full-length Akt by mutating conserved Arg 25 in the PH domain to cysteine, prevents Akt activation in response to the protein phosphatase inhibitor okadaic acid that potently stimulates Ser 473 phosphorylation [19] . These results indicate that even if Akt is phosphorylated at Ser 473 , and presumably able to bind to the PIF-pocket of PDK1, Thr 308 cannot be phosphorylated unless Akt can interact with PtdIns(3,4,5)P 3 . These results indicate that for the PIF-pocket-mediated activation pathway that Ser 473 -phosphorylated Akt still needs to interact with PtdIns(3,4,5)P 3 before it can be phosphorylated at Thr 308 by PDK1. In this circumstance our data indicate that PDK1 does not need to bind PtdIns(3,4,5)P 3 as its interaction with Akt is mediated via the PIFpocket. This would also explain how Akt can be at least partially activated in knockin mice that express a mutant form of PDK1 that is incapable of binding to PtdIns(3,4,5)P 3 [22] . These results might also explain why PI3K inhibitors potently suppress Akt activation by virtually all stimuli that have been investigated.
A question that arises from our work is why is Akt activation not significantly reduced in knockin cells that express homozygous mutation that disrupts the PIF-pocket. It is possible that the lack of S6K activity, and hence the loss of inhibitory feedback loops controlled by S6K in the PIFpocket-knockin cells, results in compensatory increases in PI3K activity and hence PtdIns(3,4,5)P 3 production thereby promoting Thr 308 phosphorylation. Although Akt is activated normally in PDK1 L155E/L155E -knockin cells, we believe that its phosphorylation by PDK1 is less efficient as Akt Thr 308 phosphorylation is more sensitive to GSK2 334 470 in the PDK1 L155E/L155E -knockin compared with the wild-type cells (Figure 4 ). These findings stress that caution is required when interpreting data from genetic knockin models, especially if multiple alternate mechanisms operate to activate a signalling pathway. Ablating one of these Our data indicate that the PI3K pathway promotes interaction of PDK1 and Akt activation via two alternative mechanisms. First, both Akt and PDK1 possess PH domains that interact with PtdIns(3,4,5)P 3 , facilitating the co-localization of these enzymes on two-dimensional membrane surfaces, thereby greatly increasing the rate at which PDK1 can activate Akt. Secondly, phosphorylation of Akt at Ser 473 by mTORC2 enables PDK1 to interact with phosphorylated Ser 473 through its PIF-pocket. Note that all available data indicate that Akt must interact with PtdIns(3,4,5)P 3 in order for Thr 308 to be phosphorylated by PDK1. We therefore hypothesise that in order for Akt phosphorylated at Ser 473 to be activated by PDK1 through the PIF-pocket pathway it still needs to interact with PtdIns(3,4,5)P 3 . However, for this mechanism, PDK1 does not need to bind PtdIns(3,4,5)P 3 as its interaction with Akt is mediated via the PIF-pocket. This explains why Akt is still partially activated in knockin mice that express a mutant form of PDK1 that is incapable of binding to PtdIns(3,4,5)P 3 [22] . Our results show that interfering with either the PtdIns(3,4,5)P 3 -binding or PIF-pocket-dependent mechanism has no, or at best only moderate, impact on Akt activation, but makes Akt much more sensitive to PDK1 inhibitors such as GSK2334470. We provide evidence that inhibiting Ser 473 phosphorylation using mTOR inhibitors greatly sensitizes Akt activation to PDK1 inhibitors. In future research it would be worthwhile to explore whether a combination of PDK1 and mTOR inhibitors could be used as an effective approach to inhibit Akt activity in cancer cells that have mutations that stimulate the PI3K pathway. HM, hydrophobic motif.
mechanisms via a genetic mutation may have a limited effect, as the cell will adapt by making use of alternative pathway(s). Our findings further emphasize that thorough analysis of signal transduction pathways is best achieved using a combination of genetic and pharmacologic approaches.
In hindsight, evidence that Akt activation did not solely rely on the mutual binding of PDK1 and Akt to PtdIns(3,4,5)P 3 was suggested by the unexpected finding that Akt was still phosphorylated at Thr 308 in PDK1 K465E/K465E PH domainknockin mice or ES cells, despite PDK1 being unable to interact with PtdIns(3,4,5)P 3 [22] . Our current data suggest that phosphorylation of Akt at Thr 308 seen in the PDK1 K465E/K465E
PH domain-knockin cells is dependent upon the PIF-pocket mechanism. This is supported by the observation that treatment of PDK1 K465E/K465E PH domain-knockin cells with low (0.03 μM) concentrations of the mTOR inhibitor AZD8055 to ablate Ser 473 phosphorylation inhibits Akt Thr 308 phosphorylation to a much greater extent than observed in the wild-type ES cells ( Figure 5B) . Consistent with the PIF-pocket pathway playing a significant role in controlling Akt activation, treatment of several, but not all, cell lines with mTOR inhibitors results in substantial inhibition of Thr 308 phosphorylation [12, 38, 44] . It would be interesting to explore whether treatment of these cell lines with compounds that suppress mTOR over a prolonged time period results in Thr 308 phosphorylation becoming insensitive to the mTOR inhibitor. This could result from a loss of S6K inhibitory feedback loops and/or other compensatory mechanisms that might kick in to restore activation of Akt in the presence of mTOR inhibitors. Understanding the pathways that operate to counteract inhibition of Ser 473 phosphorylation induced by mTOR inhibitors and restore Akt Thr 308 phosphorylation are likely to play critical roles in mediating innate resistance of cells to such compounds.
The implications of our findings is that it will be difficult to ablate Thr 308 phosphorylation and hence activation of Akt, employing PDK1 or mTOR inhibitors as single agents. A solution is to combine PDK1 and mTOR inhibitors. Indeed in all of the cell lines we have tested, combinations of mTOR and PDK1 inhibitors potently suppresses Thr 308 and Ser 473 phosphorylation to belowbasal levels. Furthermore, combination of PDK1 and mTOR inhibitors had much greater effects on inhibition of proliferation of all evaluated cancer cell lines, than treatments with either of the inhibitors alone. Our findings indicate that further work is warranted to explore the potential utility of combining of PDK1 and mTOR inhibitors as a therapeutic strategy to treat cancers harbouring mutations that induce inappropriate activation of Akt isoforms.
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